Introduction
============

Pulmonary delivery is a needle-free route for systemic delivery of small molecule drugs. Because of the large surface area of the alveoli immediately accessible to drug, the lungs are suitable sites for absorption. The relatively low metabolic activity locally, lack of first-pass hepatic metabolism, and the elevated blood flow that rapidly distributes molecules throughout the body also confirm the suitability of lungs as an absorption site for drugs.[@b1-ijn-10-6339],[@b2-ijn-10-6339] Dry powder inhalers (DPIs) are among the most popular aerosol devices that are used for inhalation of drug formulations. DPIs are advantageous compared to metered dose inhalers in that they do not require synchronization of inhalation and actuation. Moreover, they can deliver large drug doses, suitable for drugs that are unstable in solution form, easy to use, and safe to the environment.[@b3-ijn-10-6339] Nanoparticles in pulmonary drug delivery are considered a promising approach because of the uniform distribution of drug dose among the alveoli and enhanced solubility and dissolution rate of the drug.[@b4-ijn-10-6339] In addition, inhaled nanoparticles delivery systems are beneficial in reducing extrathoracic depositional drug losses by achieving almost zero deposition in the mouth--throat region.[@b5-ijn-10-6339] However, respirable particles must have a diameter of 1--5 µm in order to deposit in the lungs.[@b6-ijn-10-6339] Nanosuspensions have been employed to enhance the dissolution rate of poor water-soluble drugs.[@b7-ijn-10-6339] Techniques used to produce drug nanosuspensions can be divided into two major classes: top-down and bottom-up technologies.[@b8-ijn-10-6339] Media milling and high-pressure homogenization are the most common methods of top-down approach.[@b9-ijn-10-6339] Despite being widely used, these techniques have limitations including long preparation time, difficulty in achieving a narrow size distribution, high energy input, and contamination.[@b8-ijn-10-6339],[@b10-ijn-10-6339] Bottom-up approaches are advantageous with respect to improving bioavailability by obtaining smaller particle sizes (PSs).[@b10-ijn-10-6339] The antisolvent precipitation process is a promising technique to prepare nanosuspensions, which is rapid to perform, cost-effective, and suitable for scaling up.[@b11-ijn-10-6339],[@b12-ijn-10-6339]

Recently, artificial neural networks (ANNs) have been widely used to evaluate nonlinear processes in which classical statistical techniques often fail to produce a reliable model.[@b13-ijn-10-6339] ANNs take input and generate an output by computing the associated weights of input. Usually, a three-layer structure is formed in which an input layer takes independent (input) parameters, a hidden layer makes all the computations, and an output layer shows the dependent (output) parameters.[@b14-ijn-10-6339] Furthermore, they are considered powerful tools used for modeling and optimization of multivariable and complex domain data.[@b15-ijn-10-6339] ANNs do not need prior establishment of equations to describe relationship between input and output variables.[@b16-ijn-10-6339],[@b17-ijn-10-6339] In addition, ANNs can be used for historical data, and models generated can be updated with new experiments.[@b18-ijn-10-6339] ANNs combined with genetic algorithm also enable special operations such as "what-if" predictions and optimizations.[@b19-ijn-10-6339]

Carvedilol (CAR) is a nonselective β-blocking agent that displays α~1~-adrenergic antagonism, resulting in a blood pressure reducing action through vasodilatation. CAR is classified as biopharmaceutics classification system class II drug with low solubility and high permeability.[@b20-ijn-10-6339] It is also subjected to a significant degree of first-pass metabolism. Hence, the absolute bioavailability of CAR has been estimated to be 24%.[@b21-ijn-10-6339],[@b22-ijn-10-6339] The enhancement of the aqueous solubility and the dissolution rate of CAR have been extensively studied. For example, the use of lipophilic solutions,[@b23-ijn-10-6339] formation of inclusion complex with cyclodextrin,[@b24-ijn-10-6339] the use of a self-emulsifying system,[@b25-ijn-10-6339] and preparation of solid dispersions[@b26-ijn-10-6339] have all been used to improve the solubility and dissolution rate of CAR. However, studies addressing its delivery through the pulmonary route using nanoparticles are rare, and none of these has linked the optimization of formulation to the in vitro simulated pulmonary delivery of the drug.

Therefore, this study aims to design and optimize stable CAR nanosuspensions adopting the antisolvent precipitation--ultrasonication method in order to improve drug dissolution rate, which will consequently enhance bioavailability. Pluronic stabilizers (F127, F68, and P123) combined with sodium deoxycholate (SDC) at 1:1 weight ratio were used at three levels with two drug loads and two aqueous to organic phase volume ratios. The modeling and optimization of nanosuspensions were performed using ANNs combined with genetic algorithm. Moreover, the optimized CAR nanosuspension formula was lyophilized in the presence of mannitol, which was intended to perform a dual action: cryoprotectant and coarse carrier for nanoparticles.[@b27-ijn-10-6339],[@b28-ijn-10-6339] The lyophilized powder was then incorporated in DPI intended for pulmonary administration. The in vitro emitted doses of CAR were evaluated using a DPI sampling apparatus with a critical flow controller and the aerodynamic characteristics were evaluated using an Andersen MKII cascade impactor (ACI).

Materials
=========

CAR was obtained as a gift from Global Napi Pharmaceuticals (Giza, Egypt). Pluronics F127, F68, P123, and SDC were purchased from Sigma Chemical Co. (St Louis, MO, USA). Size 3 capsules suitable for the Aerolizer^®^ DPI were obtained as free samples from Novartis Pharma (Cairo, Egypt). High-performance liquid chromatography (HPLC) grade acetonitrile, methanol, and *o*-phosphoric acid were purchased from Porlabo (Paris, France). The silicone fluid was obtained from Dow Corning Limited (Barry, Glamorgan, UK). Mannitol was purchased from Al-Nasr Chemical Co. (Cairo, Egypt). All other chemicals were of analytical grade.

Methods
=======

Preparation of CAR nanosuspensions
----------------------------------

CAR nanosuspensions were prepared by modifying the antisolvent precipitation--ultrasonication method mentioned in the literature.[@b20-ijn-10-6339] Briefly, CAR was dissolved completely in methanol to prepare the organic phase. The antisolvent phase was prepared by dispersing the stabilizers (Pluronic F127, Pluronic F68, and Pluronic P123) each combined with SDC (costabilizer) at 1:1 weight ratio in distilled water. Three levels of drug to stabilizer weight ratios (1:2, 1:3, and 1:4), two drug loads (12.5 and 25 mg), and two aqueous to organic phase volume ratios (4:1 and 10:1) were used ([Table 1](#t1-ijn-10-6339){ref-type="table"}). At a fixed temperature (25°C), the organic solution was quickly injected by a syringe into the specified volume of antisolvent and the dispersion was simultaneously sonicated using an Elmasonic S40 water bath sonicator (ultrasonic frequency: 37 kHz, 40 W; Elma, Singen, Germany) for 15 minutes. Immediately, drug particles precipitated from the antisolvent. Then, the nanosuspensions were kept under reduced pressure in a rotary evaporator (Rotavapor, Type R 110, Büchi Labortechnik AG, Flawil, Switzerland) at 40°C for 15 minutes to remove methanol.

Particle size, polydispersity index, and zeta potential of prepared nanosuspensions
-----------------------------------------------------------------------------------

PS, polydispersity index (PDI), and zeta potential (ZP) of the prepared CAR nanosuspensions were measured by photon correlation spectroscopy using a Zetasizer Nano ZS-90 instrument (Malvern Instruments, Malvern, UK). An aliquot of the nanosuspension was diluted before the measurement. Measurements were performed in triplicate using 90° scattering angle at 25°C. The displayed results are the average value ± standard deviation (SD).

Modeling of nanosuspension formulae
-----------------------------------

Nanosuspension formulae data set was composed of 36 records based on different input variables. These included drug load, stabilizer type, stabilizer hydrophilic--lipophilic balance (HLB), molecular weight of stabilizer, numbers of polyethylene oxide and polypropylene oxide units (PEO and PPO), ratio of hydrophilic to hydrophobic units, weight of stabilizer, weight ratio of drug to stabilizer, phase volume ratio (aqueous to organic), and the volume of aqueous phase ([Table 1](#t1-ijn-10-6339){ref-type="table"}). The measured dependent variables included average PS, average PDI, and average ZP. Modeling and optimization of the data were carried out using ANNs-genetic algorithm software package (INForm V3.6; Intelligensys Ltd., UK).[@b29-ijn-10-6339] This modeling tool depends on a multilayer perceptron network embedded into the program that is responsible for model training,[@b30-ijn-10-6339] using the entered data to build up the cause--effect relationships between input variables (eleven formulation variables) and the output parameters (PS, PDI, and ZP). The data set was divided into training records (80%), testing records (10%), and validation records (10%). Predictability of trained models was evaluated by the correlation coefficient (*R*^2^) values computed automatically during training, testing, and validation steps.[@b30-ijn-10-6339],[@b31-ijn-10-6339] High *R*^2^ values (\>75%) indicated appropriate predictability of the trained model.[@b14-ijn-10-6339] The formula was derived from analysis of variance statistics generated by the modeling software: $$R^{2} = 1 - \frac{\sum_{i - 1}^{n}\left( {y_{i} - y_{i}^{*}} \right)^{2}}{\sum_{i - 1}^{n}\left( {y_{i} - y_{i}^{-}} \right)^{2}} \times 100$$where *y~i~* is the individual value of the dependent variable, *y~i~*\* the predicted value from the model, and $y_{i}^{-}$ the mean of the dependent variable. In this formula, the numerator represents the sum of squares for the error term and the denominator represents the total sum of squares.[@b3-ijn-10-6339] The values of *R*^2^ describe how much of the variance of the dependent variable is accounted for in the model. The ANN structure I(11)-H(2)-O(1) was used for model training (linking input and the output parameters). The default model training rapid back-propagation algorithm was composed of eleven nodes representing the input layer, two nodes in the hidden layer, and one node in the output layer.

The model transfer function (model activation function) was selected for input and output parameters as asymmetric sigmoid/linear. Further evaluation of the models was carried out by calculating the root mean-squared error (RMSE) values after training and testing for the measured parameters (PS, PDI, and ZP).

Optimization of the prepared nanosuspensions
--------------------------------------------

After developing the predictive models for each parameter, optimization was carried out by setting the desired constraints on some process variables: setting the numbers of PEO and PPO units, molecular weight of stabilizer and its HLB as fixed values and the surfactant type, phase volume ratio, and the ratio of hydrophilic to hydrophobic units as integer values. The desired range for each of the output parameters was entered into the optimization screen. The desirability function was selected as tent in the model optimization window. The desired minimum and maximum values for the output parameters (PS, PDI, and ZP) were assigned as PS (250--300 nm), PDI (0.1--0.3), and ZP (−2 to −10 mV) ranges in the optimization step. The model optimized solution (optimized formula) was generated based on previous knowledge gathered from training and testing and saved inside the model.

Lyophilization of the optimized nanosuspension
----------------------------------------------

In order to obtain a dry powder suitable for inhalation, the model-optimized nanosuspension formula was lyophilized after preparation. First, the nanosuspension was poured into glass flasks and prefrozen using an ultra cold freezer (Revco™, Thermo Scientific, Waltham, MA, USA) at −80°C for 12 hours, then the samples were freeze-dried using a Flexi-Dry™ MP Freeze Dryer (SP Scientific, Stone Ridge, NY, USA) at −90°C and 380 mT of pressure for 48 hours to yield dry nanoparticles in a powder form. Mannitol (1% w/v) was added into the dispersions prior to freezing as a cryoprotectant. In addition to cryoprotection, mannitol was intended to serve as a coarse carrier for the lyophilized nanoparticles during inhalation. The lyophilized powder was then sieved through a 100-mesh sieve and was left in a desiccator for characterization. PS, PDI, and ZP were reanalyzed for the lyophilized formula after reconstitution and the results were compared with those before lyophilization. Statistical analysis of data was performed using the software SPSS 19.0 (SPSS Inc., Chicago, IL, USA) applying one-way analysis of variance test, and the results were considered significantly different when *P*-values were \<0.05.

Morphology and surface characteristics of optimized nanosuspension
------------------------------------------------------------------

The particle morphology of the reconstituted optimized nanosuspension formula was examined using transmission electron microscopy (TEM, H-600, Hitachi Ltd., Tokyo, Japan). The sample was dropped on copper-gold carbon grid and allowed to dry. The grid was then mounted in the instrument and photographs were taken at different magnifications.[@b32-ijn-10-6339] In addition, the surface characteristics of the optimized lyophilized nanosuspension were observed using a scanning electron microscope (JXA-840; JEOL, Tokyo, Japan). The samples were gold-coated under vacuum and then examined.[@b27-ijn-10-6339]

Assessment of crystallinity of the freeze-dried nanosuspension
--------------------------------------------------------------

Differential scanning calorimetry (DSC) samples of \~5 mg were weighed and analyzed in hermetically sealed aluminum pans. DSC was performed using a DSC822e Mettler Toledo differential scanning calorimeter (Mettler Toledo Inc., Columbus, OH, USA). Samples were heated at a scanning rate of 10°C min^−1^ between 25°C and 300°C using nitrogen as blanket gas.[@b33-ijn-10-6339],[@b34-ijn-10-6339] Empty aluminum pan was used as a standard reference. Powder X-ray diffraction (PXRD) studies were conducted using an X-ray diffractometer (MD-10 mini diffractometer; MTI Corporation, Richmond, CA, USA) using Cu K2α rays (λ =1.54056 Å) with a voltage of 25 kV and a current of 30 mA, in a flat plate θ/2θ geometry, over the 2θ range of 5°−75°. A sample of 60 mg was placed in the sample holder groove and packed tightly.[@b35-ijn-10-6339]

Determination of saturated solubility
-------------------------------------

The saturation solubilities of the previously sieved coarse CAR powder and the lyophilized nanosuspension formula were determined by adding an excess amount of the powder in a vial containing 5 mL Sorenson's phosphate buffer pH 6.8. Shaking was performed using thermostatically controlled shaking water bath (Precision Scientific, Chicago, IL, USA) at 37°C till equilibrium (48 hours). Samples were taken and filtered using a 0.1 µm membrane filter (Whatman Inc., Clifton, NJ, USA) and the filtrate was analyzed spectrophotometrically at a λ~max~ of 284 nm.[@b36-ijn-10-6339] The experiment was conducted in triplicate for each formula and the mean values ± standard deviations were calculated. Statistical analysis of data was performed using the software SPSS 19.0 (SPSS Inc.).

In vitro dissolution study
--------------------------

In this test, a comparative dissolution study was performed between an amount of lyophilized nanosuspension equivalent to 12.5 mg CAR and the previously sieved coarse drug powder. This was carried out using USP II dissolution apparatus (Hanson Research Corp., Chatsworth, CA, USA) containing 900 mL Sorenson's phosphate buffer pH 6.8 as dissolution medium at 37°C and stirred at 50 rpm.[@b37-ijn-10-6339] Dissolution samples were withdrawn at 5, 10, 15, 20, 30, 45, 60, and 90 minutes, with replacement of an equal volume of dissolution medium. The samples were filtered and analyzed using an UV spectrophotometer as mentioned earlier. All samples were analyzed in triplicate. Release rate was expressed by the mean dissolution time (MDT), which was calculated from the equation: $$MDT = \frac{\sum_{j = 1}^{n}{t_{j}^{*}\Delta M_{j}}}{\sum_{j = 1}^{n}{\Delta M_{j}}}$$where *j* is the sample number, *n* the number of dissolution samples, $y_{j}^{*}$ the time at midpoint between *t* and *t~j−~*~1~, and *∆M~j~* the additional amount of drug dissolved between *t* and *t~j−~*~1~.[@b38-ijn-10-6339] Also, similarity factor (*f*~2~) was calculated for multiple comparisons between the obtained release profiles utilizing the following equation: $$f_{2} = 50 \times log\left\{ {\left\lbrack {1 + \left( \frac{1}{n} \right){\sum_{j = 1}^{n}\left| {R_{j} - T_{j}} \right|^{2}}} \right\rbrack^{- 0.5} \times 100} \right\}$$where *n* is the sampling number, and *R* and *T* are the percent dissolved of the reference and test products, respectively, at each time point *j*.[@b38-ijn-10-6339]

Simulated in vitro inhalation
-----------------------------

An amount of the optimized lyophilized nanosuspension equivalent to 2,000 µg CAR was placed in capsules (size 3) suitable for the Aerolizer^®^ DPI (Novartis Pharma) to be tested for the aerodynamic characteristics. A physical mixture of coarse CAR powder (2,000 µg) combined with Pluronic F127, SDC, and mannitol was also sieved through a 100-mesh sieve and used for comparison. The emitted dose from the Aerolizer^®^ was measured using a DPI sampling apparatus with a critical flow controller model TPK (Copley Scientific Ltd., Nottingham, UK). The final filter was a 47 mm A/E fiber glass filter disks (Pall Corporation, USA). The inhalation flow through the mouthpiece of the Aerolizer^®^ was set at 60 L min^−1^ with a flow duration of 4 seconds to allow an inhaled volume of 4 L of air to be withdrawn through the inhaler. The basic methodology is described in Appendix XIIF of the BP,[@b39-ijn-10-6339] 2.9.18 of the EP,[@b40-ijn-10-6339] and 601 of the USP.[@b41-ijn-10-6339] The emitted dose from the Aerolizer^®^ was measured (n=5) by collecting one individual dose each time the Aerolizer^®^ was loaded and operated.

Following dose emission into the apparatus, the sampling unit, including filter, was washed with a mixture of methanol and acetonitrile (80:20 ratio) and sonicated for 3 minutes. The solutions were then collected and made up to a volume of 100 mL. The amount of drug was determined using a previously validated HPLC method.[@b42-ijn-10-6339] The method included a mobile phase composed of methanol:acetonitrile:1% o-phosphoric acid 80:18:2 v/v/v with a pH of 6.2 using Chromosil C~18~ analytical column (250 mm ×4.6 mm, 5 µm). A sample of 20 µL was injected at ambient temperature for 6 minutes run time with a flow rate of 1 mL min^−1^ and effluents were identified at 240 nm with a UV detector (RF-551; Shimadzu, Kyoto, Japan).

The aerodynamic PS characterization was evaluated using the ACI. The ACI was assembled with modification plates for a flow rate of 60 L min^−1^ with a flow duration of 4 seconds, hence stages 0 and 7 were replaced by −0 and −1 on the top of the impactor. The collection plates were then sprayed with silicone fluid (Releasil B silicone spray; Dow Corning Limited) and then allowed to dry for at least 1 hour prior to the analysis. The ACI was assembled with 10 mL of the previously mentioned methanol/acetonitrile mixture placed in the preseparator and the final filter was of type GF 50 (Copley Scientific Ltd.). The flow was measured using an electronic digital flow meter (MKS Instruments, USA) and a critical flow controller model TPK (Copley Scientific Ltd.). Parafilm M laboratory film (Pechiney Plastic Packaging Company, Chicago, IL, USA) was used to seal the apparatus.

For each determination, only one dose was discharged into the ACI. Three determinations from each formula were made, according to a randomization procedure. Each stage of the ACI was rinsed with a specified volume of the previously mentioned methanol/acetonitrile mixture. The washing procedure was the same as that described for the total dose emission. The amounts deposited on each stage were determined by the previously mentioned HPLC method.

Aerodynamic data analysis
-------------------------

The total dose emission was determined as the total amount of drug ex-mouthpiece. This was reported with respect to the nominal emitted dose. Using the ACI with a flow of 60 L min^−1^, the effective cutoff diameter of each stage was fixed at 60 L min^−1^ flow.[@b43-ijn-10-6339],[@b44-ijn-10-6339] The fine particle dose (FPD) was the amount of particles corresponding to a size less than 5 µm. The fine particle fraction % was the FPD expressed as a percentage of the total amount deposited into the throat and stages of the ACI (the dose exited the mouthpiece). The mass median aerodynamic diameter (MMAD) was obtained from a plot of the logarithm of the percentage less than a stated size on a probability scale against the logarithm of the effective cutoff diameter of the stage, and this was carried out using the Copley Inhaler Testing Data Analysis Software. The MMAD was the diameter separating the mass of the particles equally by 50%. The geometric standard deviation was a measure of the polydispersity of the PS distribution. Geometric standard deviation was calculated as the square root for the size corresponding to 84.13% less than the stated size divided by the square root of the size corresponding to 15.87%.[@b41-ijn-10-6339] The aerodynamic results were compared using a paired *t*-test with a significance level set at *P*\<0.05.

Results and discussion
======================

Modeling of nanosuspension formulae
-----------------------------------

Data collected from the experimental design (36 records) were subjected to the modeling step and resulted in a good model with high predictability as indicated by its high model training and testing regression *R*^2^ values being 94.02% and 93.40% for average PS, 92.77% and 90.44% for average PDI, and 98.49% and 82.28% for average ZP, respectively ([Table 2](#t2-ijn-10-6339){ref-type="table"}). From model statistics shown in [Table 2](#t2-ijn-10-6339){ref-type="table"}, model trustability can be emphasized by calculating the RMSE and comparing these values between model training and testing. The RMSE values obtained from model training and testing for PS, PDI, and ZP were 1291.23 and 713.18, 6.04 and 3.73, and 6.22 and 1.73, respectively. The observed lower values of test data RMSE than those of training indicate high predictability and trustability of the obtained model.[@b45-ijn-10-6339] In [Table 3](#t3-ijn-10-6339){ref-type="table"}, the model-generated statistics for the validation data set indicated high *R*^2^ values for unseen data being 85.18, 88.03, and 92.93% for PS, PDI, and ZP, respectively. Higher F ratio values and lower RMSE also support the significance of the obtained models for the three parameters.

Response surface plots
----------------------

The relationships between the independent and dependent variables were summarized by the model in 3D response surface plots demonstrating the effects of two independent variables at average levels of other variables on the output parameters ([Figures 1](#f1-ijn-10-6339){ref-type="fig"}[](#f2-ijn-10-6339){ref-type="fig"}--[3](#f3-ijn-10-6339){ref-type="fig"}). The results of response surface plots showed that the most effective formulation variables that directly affect the PS of the nanosuspensions included stabilizer type, number of PPO units, weight of stabilizer, and the ratio of hydrophilic to hydrophobic units ([Figure 1](#f1-ijn-10-6339){ref-type="fig"}). The effect of the type of stabilizer on PS can be explained by the response surface plot ([Figure 1A](#f1-ijn-10-6339){ref-type="fig"}) showing that the PS values were low at stabilizer type 1 (Pluronic F127), high at stabilizer type 2 (Pluronic F68), and low at stabilizer type 3 (Pluronic P123). The ratio of hydrophilic to hydrophobic units (PEO/PPO) demonstrated increasing effects on PS moving from 0.55 to 3.05 and finally to 5.07 corresponding to Pluronics P123, F127, and F68, respectively ([Figure 1B](#f1-ijn-10-6339){ref-type="fig"}). However, the increase in PPO units from 30 (F68) through 65 (F127) and finally to 69 (P123) was found to have prominent decreasing effect on the PS, which is consistent with the effects of stabilizer type. Also, the increased weight of stabilizer led to a decrease in the size ([Figure 1C](#f1-ijn-10-6339){ref-type="fig"}). The drug to stabilizer ratio and phase volume ratio were found to have increasing and decreasing effects on PS, respectively ([Figure 1D](#f1-ijn-10-6339){ref-type="fig"}). The decrease in PS with increased levels of phase volume ratio might be due to the formation of more nucleation sites per unit volume of the antisolvent (aqueous phase). This caused the precipitation of less drug molecules per nucleation site and consequently decreased PS.[@b46-ijn-10-6339] Moreover, the decrease in PS with an increased weight of stabilizer could be attributed to the decrease in surface tension, which facilitated the size reduction and stabilized the formed nanoparticles with inhibition of aggregation.[@b27-ijn-10-6339] It is well known that the conformation of physically adsorbed triblock copolymers (Pluronics) depends on the hydrophobicity of the sorbent surface.[@b47-ijn-10-6339] The hydrophobic PPO block anchors to the hydrophobic surface, leaving the PEO chains extending in the aqueous phase, and when the number of the adsorbed polymeric chains is sufficiently high, a brush conformation is formed.[@b47-ijn-10-6339],[@b48-ijn-10-6339] The adsorption of a series of Pluronics on polystyrene colloids was studied to probe the effect of PEO chain length and the hydrophilic/hydrophobic block length ratio on the adsorption characteristics.[@b49-ijn-10-6339] It was found that the surface concentration of Pluronics on polystyrene colloids is determined by the size of the hydrophobic PPO block, independent of the size of hydrophilic PEO block. Hence, the hydrophobicity of the stabilizer is believed to have a major role in stable polymer adsorption onto the hydrophobic drug surfaces by forming high surface concentrations. This was confirmed by the above findings, which showed that the most hydrophobic stabilizer P123 (69 PPO units) demonstrated the smallest nanoparticle size, followed by the medium hydrophobic F127 (65 PPO units), and the largest size was demonstrated by the least hydrophobic F68 (30 PPO units). Hence, the important descriptive factors of stabilizers that enabled better understanding of the effects of the structure of each stabilizer on PS were the stabilizer type, the ratio of hydrophilic to hydrophobic units, and the number of PPO units.

For PDI, the important factors included phase volume ratio, water volume, molecular weight of stabilizer, and drug load ([Figure 2A--D](#f2-ijn-10-6339){ref-type="fig"}). The increased levels of phase volume ratio and water volume decreased the PDI. This might be explained by the formation of more nucleation sites per unit volume of the antisolvent as mentioned earlier. Hence, less drug molecules precipitated per nucleation site and a more uniform distribution for the PS was obtained resulting in lower PDI.[@b46-ijn-10-6339] On the other hand, the increase in molecular weight of stabilizer resulted in an increase in PDI. This could be attributed to the less kinetically restricted adsorption process of the stabilizers onto the drug surfaces that was enabled when the molecular weight of the stabilizer decreased.[@b9-ijn-10-6339] Hence, the opposite was expected to happen when the molecular weight increased resulting in less uniform distribution for the PS (higher PDI). Moreover, the unexpected limited decrease in average PDI with increased drug load from 12.5 to 25 mg observed in [Figure 2B](#f2-ijn-10-6339){ref-type="fig"} could be ascribed to the limited scatter of drug load input variable between formulations. It may also be due to the sensitivity of PDI to other possible unmeasured variables such as lag time at the time of measurement.

The ZP ([Figure 3A--D](#f3-ijn-10-6339){ref-type="fig"}) was found to increase by increased ratio of hydrophilic to hydrophobic units. It had an optimum value (as an absolute value) at a medium ratio of PEO/PPO of 3.05 and drug/stabilizer ratio of 0.35 ([Figure 3A](#f3-ijn-10-6339){ref-type="fig"}). Stabilizer HLB and molecular weight appeared to be less effective variables on optimum ZP. The decrease in ZP with an increase in the thickness of the adsorbed polymer layer is due to the outward shift of the slipping plane, at which ZP is measured.[@b50-ijn-10-6339] According to Gouy--Chapman theory, the slipping plane is moved to a point further out from the surface where the charge density is much smaller than on the surface resulting in lower ZP. This explains the lower ZP (as an absolute value) of Pluronic F127 nanosuspensions (having higher thickness of adsorbed polymer layer due to higher number of PEO units) compared with Pluronic F68 nanosuspensions ([Table 1](#t1-ijn-10-6339){ref-type="table"}; [Figure 3C](#f3-ijn-10-6339){ref-type="fig"}).[@b51-ijn-10-6339] In addition, the small values of ZP obtained in the case of Pluronic P123 might be due to the adsorption of high concentration of this highly hydrophobic stabilizer on the nanoparticles surface, which decreased the adsorption of ions and consequently ZP as shown by the effect of its PPO units (69) on ZP in [Figure 3D](#f3-ijn-10-6339){ref-type="fig"}. The weight of stabilizer in the range of 45--55 mg appeared to have an optimum level of ZP while, at lower and higher levels, the ZP increased ([Figure 3D](#f3-ijn-10-6339){ref-type="fig"}).

Model optimization
------------------

The obtained predictive models for nanosuspension formulae were tested for optimization of the three dependent variables (output parameters). The optimization stage resulted in an optimized solution (suggested nanosuspension formula) for the entered desired ranges of the variables. In this optimized solution, an average PS of 280.52 nm, an average PDI of 0.25, and an average ZP of −9.50 mV were obtained from a formula containing 23 mg CAR, 48.80 mg Pluronic F127, a phase volume ratio of 9, and a total aqueous phase volume of 45 mL ([Table 4](#t4-ijn-10-6339){ref-type="table"}). When this theoretical suggestion was converted to the experimental analog, the resulting nanosuspension had similar attributes to those of the optimized solution. Insignificant differences for PS, PDI, and ZP were detected (*P*\>0.05) between model-suggested nanosuspension and the experimentally prepared counterpart. The prepared optimized nanosuspension was then subjected to freeze-drying followed by reconstitution. The properties of the reconstituted lyophilized nanosuspension were compared with those of the freshly prepared nanosuspension. The PS demonstrated an increase from 277.90 to 316.40 nm. This difference was found to be statistically insignificant (*P*\>0.05). Also, insignificant differences were detected for the PDI and ZP before and after the lyophilization process (*P*\>0.05) as shown in [Table 4](#t4-ijn-10-6339){ref-type="table"}. The results confirmed the protective effect of mannitol on nanoparticles agglomeration.[@b27-ijn-10-6339]

It is worth mentioning that although the modeling results demonstrated that Pluronic P123 showed minimum PS and ZP compared with the other two stabilizers (F127 and F68), yet the optimized solution generated by the model in optimization step suggested Pluronic F127 rather than P123. This selection made by the model may be attributed to two reasons: first, model consideration of interaction between variables at certain levels, and second, the model collectively calculates the input that would achieve the three parameters (PS, PDI, and ZP) all together as the desired output. Hence, the model tries to fulfill the desired output parameters entered into the model optimization screen by testing all levels of the input variables with high desirability and minimum bias.

Morphology and surface characteristics
--------------------------------------

The optimized nanosuspension showed typical TEM images for nanoparticles at a direct magnification of 10,000×. Spherical CAR nanoparticles with variable diameters are shown in [Figure 4](#f4-ijn-10-6339){ref-type="fig"}. The boundaries of the nanoparticles appeared less dark than the core, which suggests the adsorption of a thick layer of the surfactant stabilizer molecules at the surface of the particles. In addition, the PS shown by the TEM micrograph was in good agreement with that obtained by photon correlation spectroscopy.[@b52-ijn-10-6339] The scanning electron micrograph images of the freeze-dried nanosuspension showed smooth surface spherical nanoparticles embedded in a large hairy matrix of mannitol ([Figure 5](#f5-ijn-10-6339){ref-type="fig"}).

Solid-state characterization (DSC and PXRD)
-------------------------------------------

Samples of individual ingredients, physical mixture, as well as the optimized freeze-dried nanosuspension formula were subjected to solid-state characterization using DSC and PXRD. The DSC curve for the coarse CAR ([Figure 6](#f6-ijn-10-6339){ref-type="fig"}) showed a sharp melting endotherm at 115.47°C indicating the crystalline nature of the drug in accordance with data in the literature.[@b25-ijn-10-6339] Pluronic F127 showed low melting endotherm at 54.86°C.[@b7-ijn-10-6339] SDC demonstrated a broad endotherm probably because of the loss of water molecules followed by an exothermic recrystallization peak at 214°C.[@b53-ijn-10-6339] Mannitol demonstrated a sharp melting endotherm at 167°C, which shows that it is a highly crystalline component. The drug characteristic peak disappeared in the thermogram of freeze-dried nanosuspension and was found with decreased intensity in the thermogram of physical mixture. This might be referred to the dilution effect of the drug with the excipients, especially in the presence of a wide shoulder for SDC that might cover the drug peak. In addition, there is a possibility for decrease or disappearance of drug crystallinity. However, these findings showed that DSC was not a discriminative tool for explaining the changes that occurred in drug crystals during preparation.[@b27-ijn-10-6339]

The PXRD patterns shown in [Figure 7](#f7-ijn-10-6339){ref-type="fig"} indicated that CAR exhibited three sharp characteristic diffraction lines at 2θ of 5.8°, 14.7°, and 24.5° and multiple short lines between 2θ of 10° and 30°. Pluronic F127 demonstrated two reflections at 2θ of 19° and 23°. SDC showed a characteristic halo for an amorphous structure, while mannitol showed a crystalline diffraction pattern with characteristic lines of increasing height at 2θ of 5°, 10°, 14°, 18°, and 22°. The physical mixture showed a summation of diffraction lines mostly typical to parent crystalline components. The freeze-dried nanosuspension demonstrated two sharp diffraction lines between 2θ of 9.6° and 20.2° with two short lines in between 2θ of 14° and 18°. This pattern is mostly similar to the characteristic diffraction lines observed for crystalline CAR. However, the diffraction lines were shifted to higher 2θ values possibly because of a new polymorphic form (IV), which was reported in the literature to be formed during antisolvent precipitation of crystalline CAR.[@b54-ijn-10-6339] The new sharp diffraction line observed in the nanosuspension pattern at 72° appeared to belong to SDC. This reflection line may confirm that SDC molecules had undergone crystallization during the freeze-drying process. In summary, the aforementioned results showed that CAR crystalline structure was evident. Similar results of obtaining crystalline nanosuspension were observed by Raju et al working on nevirapine.[@b55-ijn-10-6339]

Saturated solubility and in vitro dissolution of optimized nanosuspension formula
---------------------------------------------------------------------------------

The saturated solubility of the optimized nanosuspension formula showed a significant increase (*P*\<0.05) in solubility (26%) compared with the coarse CAR powder. The coarse drug demonstrated a saturated solubility of 30.29 µg/mL while the nanosuspension formula showed a saturated solubility of 38.20 µg/mL. However, it is worth mentioning that Van Eerdenbrugh et al[@b56-ijn-10-6339] reported that significant increases in solubility due to increased curvature of drug nanoparticles is not expected with drug nanosizing, rather rapid dissolution kinetics is expected to significantly increase with PS reduction.[@b7-ijn-10-6339]

The lyophilized nanosuspension formula showed a significant increase in the rate and extent of dissolution and the dissolution rate was maintained at higher level throughout all time intervals compared with the coarse CAR powder ([Figure 8](#f8-ijn-10-6339){ref-type="fig"}). Within 10 minutes, almost 76.63% of CAR was dissolved from the nanosuspension formula compared with only 24.11% for the coarse CAR powder, respectively. After 60 minutes, the dissolution was complete (≈100.00%) for the nanosuspension formula compared with only 44.82% for the coarse CAR powder, respectively. MDT was equal to 8.94 minutes in the case of coarse drug powder. The optimized nanosuspension formula showed a significant decrease in MDT to be 5.26 minutes (*P*\<0.05). The f2 was calculated to compare the dissolution profiles of the coarse drug powder and the optimized nanosuspension formula and was found to be 14.24. Being lower than 50, this indicates the presence of significant difference in the release profiles.[@b38-ijn-10-6339]

The increased surface area described by the Noyes Whitney equation[@b57-ijn-10-6339] and higher surface to volume ratio enabled hydration over larger surface area, and consequently resulted in increased drug dissolution.[@b58-ijn-10-6339] Moreover, the increase in dissolution rate caused due to PS reduction can be explained by the decrease in diffusion layer thickness. According to the Prandtl boundary layer equation for flow passing a flat surface, the hydrodynamic boundary layer thickness (h~H~) can be expressed by [Equation 4](#fd4-ijn-10-6339){ref-type="disp-formula"} as follows: $$h_{H} = k(L^{1/2}/V^{1/2})$$where L is the length of the surface in the direction of flow, k denotes a constant, and V is the relative velocity of the flowing liquid against the flat surface. It is believed that a difference in particle diameter could correspond to a difference in the parameter L.[@b59-ijn-10-6339] Bisrat and Nyström have shown that, for solids dispersed in a liquid medium under agitation, a decrease in PS probably leads to a decrease in both L and V.[@b60-ijn-10-6339] The net effect is reduced h~H~.[@b61-ijn-10-6339] This decrease in diffusional thickness h leads to an increase in the concentration gradient (Cs--Ct)/h, which consequently increases the dissolution rate.[@b27-ijn-10-6339]

In vitro simulated delivery and aerodynamic characterization
------------------------------------------------------------

The same HPLC method adopted for the determination of total emitted dose (TED) was also used for the evaluation of aerodynamic particle characterization. The method indicated that CAR retention time was 2.1 minutes. The limit of detection was 0.3 ppm and the lower limit of quantification was 0.99 ppm. The results of the aerodynamic characterization are shown in [Table 5](#t5-ijn-10-6339){ref-type="table"}. The lyophilized nanosuspension resulted in significantly smaller MMAD and higher FPD, fine particle fraction, TED, and TED% than the coarse drug powder (*P*\<0.05).

The smaller MMAD of the lyophilized nanosuspension (2.80 µm) compared with coarse drug powder (4.20 µm) is expected to result in better lung deposition when used by the patient.[@b62-ijn-10-6339] In addition, the TED was higher in the lyophilized nanosuspension suggesting that the nanoparticles flow behavior was better than the coarse drug powder. Hence, the use of CAR in the form of aerosolized nanoparticles using mannitol as a coarse carrier is expected to result in better lung deposition and higher bioavailability because of the smaller PS and consequently higher dissolution rate.

The obtained value of MMAD of the inhaled nanoparticles powder (2.80 µm) may be attributed to the action of mannitol as a coarse carrier. Mannitol formed a large crystalline matrix outside the nanoparticles during freeze-drying as shown in the scanning electron micrograph ([Figure 5](#f5-ijn-10-6339){ref-type="fig"}), which may have resulted in a bimodal disperse system. Therefore, mannitol has increased the MMAD of the inhaled CAR nanoparticles.[@b63-ijn-10-6339],[@b64-ijn-10-6339] This complies with the reported data showing that the use of coarse excipients in dry powder inhalation formulations will increase and inevitably improve particle aerodynamic behavior and flow properties.[@b65-ijn-10-6339]

Conclusion
==========

The results of modeling and optimization of CAR nanosuspensions followed by lyophilization in the presence of mannitol (which acted as cryoprotectant and coarse carrier for nanoparticles) showed the possibility of controlling the production of nanoparticles with tailored aerodynamic characteristics suitable for pulmonary delivery. Selection of appropriate surface stabilizers with varying contents of hydrophilic and hydrophobic moieties such as Pluronic F127, F68, or P123 at the optimum ratio of drug to stabilizer enabled the formulation of stable nanosuspensions. Both hydrophobicity and hydrophilicity of Pluronics are essential to obtain stable polymer adsorption onto the nanoparticles as evidenced by the effects of the ratio of hydrophilic to hydrophobic units on the output parameters. Moreover, data mining technologies in the form of ANNS and genetic algorithm proved to be valuable tools for modeling and optimization of CAR nanosuspensions. The aerodynamic properties proved that the optimized formula was a successful candidate for pulmonary delivery. However, further in vivo investigations are required to establish the superiority of the developed aerosolized CAR nanoparticles over the existing oral medications of CAR.
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![Response surface plots showing influence of some formulation variables on nanosuspension average particle size: (**A**) stabilizer type and wt of stabilizer; (**B**) ratio of hydrophilic to hydrophobic units and wt of stabilizer; (**C**) number of PPO units and wt of stabilizer; (**D**) drug/stab ratio and phase volume ratio.\
**Abbreviations:** PS, particle size; PPO, polypropylene oxide; stab, stabilizer; Wt, weight.](ijn-10-6339Fig1){#f1-ijn-10-6339}

![Response surface plots showing influence of some formulation variables on nanosuspension average polydispersity index: (**A**) number of PEO units and ratio of hydrophilic to hydrophobic units; (**B**) drug load and stabilizer type; (**C**) m.wt and stabilizer HLB; (**D**) phase volume ratio and water volume.\
**Abbreviations:** PDI, polydispersity index; PEO, polyethylene oxide; m.wt, molecular weight; HLB, hydrophilic--lipophilic balance.](ijn-10-6339Fig2){#f2-ijn-10-6339}

![Response surface plots showing influence of some formulation variables on nanosuspension average zeta potential: (**A**) drug/stab ratio and ratio of hydrophilic to hydrophobic units; (**B**) drug load and stabilizer type; (**C**) number of PEO units and wt of stabilizer; (**D**) number of PPO units and wt of stabilizer.\
**Abbreviations:** ZP, zeta potential; PPO, polypropylene oxide; PEO, polyethylene oxide; stab, stabilizer; Wt, weight.](ijn-10-6339Fig3){#f3-ijn-10-6339}

![Transmission electron micrograph for the optimized carvedilol nanosuspension.](ijn-10-6339Fig4){#f4-ijn-10-6339}

![Scanning electron micrograph of freeze-dried nanosuspension showing dispersed spherical nanoparticles inside a crystalline matrix of cryoprotectant (red circle).](ijn-10-6339Fig5){#f5-ijn-10-6339}

![Differential scanning calorimetry (DSC) curves of carvedilol (CAR), Pluronic F127 (PL), sodium deoxycholate (SDC), mannitol (MN), physical mixture (PM), and lyophilized nanosuspension (NS).](ijn-10-6339Fig6){#f6-ijn-10-6339}

![Powder X-ray diffraction patterns of carvedilol (CAR), Pluronic F127 (PL), sodium deoxycholate (SDC), mannitol (MN), physical mixture (PM), and lyophilized nanosuspension (NS).](ijn-10-6339Fig7){#f7-ijn-10-6339}

![Percentage of CAR dissolved from optimized nanosuspension formula compared to the coarse drug.\
**Abbreviation:** CAR, carvedilol.](ijn-10-6339Fig8){#f8-ijn-10-6339}

###### 

Sample of training data records indicating the composition and properties of CAR nanosuspensions

  Record   Drug load (mg)   Stabilizer type[a](#tfn1-ijn-10-6339){ref-type="table-fn"}   Stabilizer HLB   Stabilizer molecular weight   PEO[b](#tfn2-ijn-10-6339){ref-type="table-fn"}   PPO[c](#tfn3-ijn-10-6339){ref-type="table-fn"}   PEO/PPO ratio   Weight of stabilizer (mg)   Drug/stabilizer ratio[d](#tfn4-ijn-10-6339){ref-type="table-fn"}   Phase volume ratio   Water volume (mL)   Average PS ± SD (nm)   Average PDI ± SD   Average ZP ± SD (mV)
  -------- ---------------- ------------------------------------------------------------ ---------------- ----------------------------- ------------------------------------------------ ------------------------------------------------ --------------- --------------------------- ------------------------------------------------------------------ -------------------- ------------------- ---------------------- ------------------ ----------------------
  1        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            50.00                       0.50                                                               10.00                50.00               270.75±10.11           0.15±0.07          −5.88±0.25
  2        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            50.00                       0.50                                                               4.00                 20.00               1,192.00±26.87         1.00±0.00          −15.25±1.63
  3        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            100.00                      0.25                                                               10.00                50.00               495.45±31.60           0.46±0.01          −14.90±1.44
  4        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            100.00                      0.25                                                               4.00                 20.00               1,542.50±38.89         0.39±0.04          −14.80±2.03
  5        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            75.00                       0.33                                                               10.00                50.00               395.60±6.08            0.18±0.03          −8.93±0.89
  6        25.00            1.00                                                         22.00            12,600.00                     198.00                                           65.00                                            3.05            75.00                       0.33                                                               4.00                 20.00               918.75±3.18            0.29±0.00          −15.10±1.15
  7        25.00            2.00                                                         24.00            8,400.00                      152.00                                           30.00                                            5.07            50.00                       0.50                                                               10.00                50.00               850.00±22.54           0.74±0.17          −18.70±0.14
  8        25.00            2.00                                                         24.00            8,400.00                      152.00                                           30.00                                            5.07            50.00                       0.50                                                               4.00                 20.00               3,200.00±75.12         1.00±0.00          −19.20±1.56
  9        25.00            2.00                                                         24.00            8,400.00                      152.00                                           30.00                                            5.07            100.00                      0.25                                                               10.00                50.00               399.75±14.29           0.44±0.03          −19.00±0.73
  10       25.00            2.00                                                         24.00            8,400.00                      152.00                                           30.00                                            5.07            100.00                      0.25                                                               4.00                 20.00               798.00±62.23           0.49±0.09          −26.70±1.26
  11       25.00            2.00                                                         24.00            8,400.00                      152.00                                           30.00                                            5.07            75.00                       0.33                                                               10.00                50.00               339.35±17.89           0.25±0.10          −19.80±1.89
  12       12.50            3.00                                                         12.00            5,750.00                      38.00                                            69.00                                            0.55            37.50                       0.33                                                               4.00                 20.00               361.75±21.25           0.40±0.02          −10.10±0.94

**Notes:**

Pluronic surfactant type (1 denotes F127, 2 denotes F68, and 3 denotes P123);

polyethylene oxide units;

polypropylene oxide units; and

drug:stabilizer ratio (1:2, 1:3, and1:4).

**Abbreviations:** CAR, carvedilol; HLB, hydrophilic--lipophilic balance; PS, particle size; PDI, polydispersity index; SD, standard deviation; ZP, zeta potential.

###### 

ANOVA statistics obtained from model training and testing data sets

  Property            Source of variation   Sum of squares   DF[a](#tfn6-ijn-10-6339){ref-type="table-fn"}   MSE[b](#tfn7-ijn-10-6339){ref-type="table-fn"}   RMSE[c](#tfn8-ijn-10-6339){ref-type="table-fn"}   CF ratio[d](#tfn9-ijn-10-6339){ref-type="table-fn"}
  ------------------- --------------------- ---------------- ----------------------------------------------- ------------------------------------------------ ------------------------------------------------- -----------------------------------------------------
  Average PS (nm)      Model                 41,682,100      25                                              1,667,284.00                                     1,291.23                                          3.28
   Error               2,543,100            5                508,620.00                                      713.18                                                                                             
   Total               44,225,200           30                                                                                                                                                                  
  Covariance term     Sum of errors                                                                                                                                                                             
   526,462             13.7687                                                                                                                                                                                  
   Train set *R*^2^    94.02%                                                                                                                                                                                   
   Test set *R*^2^     93.40%                                                                                                                                                                                   
  Average PDI          Model                 913.71          25                                              36.54                                            6.04                                              2.63
   Error               69.5449              5                13.91                                           3.73                                                                                               
   Total               962.321              30                                                                                                                                                                  
  Covariance term     Sum of errors                                                                                                                                                                             
    −20.9333            −7.04133                                                                                                                                                                                
   Train set *R*^2^    92.77%                                                                                                                                                                                   
   Test set *R*^2^     90.44%                                                                                                                                                                                   
  Average ZP (mV)      Model                 968.07          25                                              38.72                                            6.22                                              12.89
   Error               15.02                5                3.00                                            1.73                                                                                               
   Total               996.29               30                                                                                                                                                                  
  Covariance term     Sum of errors                                                                                                                                                                             
   13.198              −0.181534                                                                                                                                                                                
   Train set *R*^2^    98.49%                                                                                                                                                                                   
   Test set *R*^2^     82.28%                                                                                                                                                                                   

**Notes:**

Degrees of freedom;

mean sum of squared errors;

root mean-squared error;

computed F ratio.

**Abbreviations:** ANOVA, analysis of variance; PDI, polydispersity index; PS, particle size; ZP, zeta potential.

###### 

ANOVA statistics obtained from model validation data sets

  Property                 Source of variation   Sum of squares   DF[a](#tfn11-ijn-10-6339){ref-type="table-fn"}   MSE[b](#tfn12-ijn-10-6339){ref-type="table-fn"}   RMSE[c](#tfn13-ijn-10-6339){ref-type="table-fn"}   CF ratio[d](#tfn14-ijn-10-6339){ref-type="table-fn"}
  ------------------------ --------------------- ---------------- ------------------------------------------------ ------------------------------------------------- -------------------------------------------------- ------------------------------------------------------
  Average PS (nm)           Model                 10,736,667      25                                               429,467                                           655.33                                             4.83
   Error                    1,867,767            −21              88,941                                           298.23                                                                                               
   Total                    12,604,433           4                                                                                                                                                                      
  Covariance term          Sum of errors                                                                                                                                                                                
    −898,333.3               −370.45                                                                                                                                                                                    
   Validation set *R*^2^    85.18%                                                                                                                                                                                      
  Average PDI               Model                 0.33797833      25                                               0.0135                                            0.12                                               6.18
   Error                    0.04594167           −21              0.0022                                           0.05                                                                                                 
   Total                    0.38392              4                                                                                                                                                                      
  Covariance term          Sum of errors                                                                                                                                                                                
    −0.0495858               −0.344973                                                                                                                                                                                  
   Validation set *R*^2^    88.03%                                                                                                                                                                                      
  Average ZP (mV)           Model                 152.285         25                                               6.0914                                            2.47                                               11.04
   Error                    11.591               −21              0.5519                                           0.74                                                                                                 
   Total                    163.876              4                                                                                                                                                                      
  Covariance term          Sum of errors                                                                                                                                                                                
    −3.49                    −42.25                                                                                                                                                                                     
   Validation set *R*^2^    92.93%                                                                                                                                                                                      

**Notes:**

Degrees of freedom;

mean sum of squared errors;

root mean-squared error;

computed F ratio.

**Abbreviations:** ANOVA, analysis of variance; PDI, polydispersity index; PS, particle size; ZP, zeta potential.

###### 

Model-generated optimized solution and its analogous fresh and lyophilized experimental nanosuspensions

  Solution         Desirability   Nanosuspension independent variables (inputs)   Dependent variables (output properties)                                           
  ---------------- -------------- ----------------------------------------------- ----------------------------------------- ------- ------ --- ---- -------- ------ --------
  Population 1     1.00           23                                              1                                         48.80   0.47   9   45   280.52   0.25   −9.50
  Fresh NS         NA             23                                              1                                         48.80   0.47   9   45   277.90   0.19   −10.38
  Lyophilized NS   NA             23                                              1                                         48.80   0.47   9   45   316.40   0.20   −8.94

**Abbreviations:** NS, nanosuspension; PS, particle size; PDI, polydispersity index; ZP, zeta potential; NA, not applicable.

###### 

The aerodynamic characteristics of coarse CAR powder and CAR nanoparticles

  Parameter                                         Coarse drug (mean ± SD)   Nanoparticles (mean ± SD)
  ------------------------------------------------- ------------------------- ---------------------------
  Total emitted dose (µg; TED)                      1,472.00±312.00           1,794.00±178.00
  Total emitted dose% (% of nominal dose; TED%)     73.60±15.60               89.70±8.90
  Fine particle dose (µg; FPD)                      818.40±94.20              1,469.30±77.10
  Fine particle fraction (% of emitted dose; FPF)   55.60±6.40                81.90±4.30
  Mass median aerodynamic diameter (µm; MMAD)       4.20±1.50                 2.80±1.20
  Geometric standard deviation (GSD)                2.10±0.40                 1.70±0.50

**Abbreviations:** CAR, carvedilol; SD, standard deviation.
